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We consider the possibility of an interaction in the dark sector in the presence of massive neutrinos,
and study the observational constraints on three different scenarios of massive neutrinos using
the most recent CMB anisotropy data in combination with type Ia supernovae, baryon acoustic
oscillations, and Hubble parameter measurements. When a sterile neutrino is introduced in the
interacting dark sector scenario in addition to the standard model prediction of neutrinos, we find
that the coupling parameter, characterizing the interaction between dark matter and dark energy,
is non-zero at 2σ confidence level. The interaction model with sterile neutrino is also found to be a
promising one to alleviate the current tension on Hubble constant. We do not find the evidence for
a coupling in the dark sector when the possibility of a sterile neutrino is discarded.
PACS numbers: 95.35.+d; 95.36.+x; 14.60.Pq; 98.80.Es
I. INTRODUCTION
Since the discovery of accelerated expansion of Uni-
verse, there have been numerous efforts on theoretical
and observational grounds to explain cause of the cos-
mic acceleration. The most popular theoretical model,
which explains the cosmic acceleration and fits well to
the currently available observational data, is the stan-
dard ΛCDM (cosmological constant Λ + cold dark mat-
ter) model [1]. In this model, Λ is a candidate of dark en-
ergy (DE) which is believed to be responsible for the cur-
rent accelerated expansion of the Universe. This model,
however, suffers from some theoretical problems [2, 3],
which motivated the researchers to propose new mod-
els of DE. One such problem is the coincidence problem
which refers to the fact that there is no explanation for
the same order of the energy densities of dark matter
(DM) and vacuum energy today. To alleviate the coin-
cidence problem, the interaction between DM and DE
components of the Universe has been proposed/studied
in the literature (see [4, 5] for recent reviews). The inter-
action in the dark sector is quite appealing since DM and
DE are the dominant components in the overall energy
budget of the Universe. Moreover, it has recently been
shown that the current observational data can favor the
late-time interaction between DM and DE [6–10].
Following [11–13], an interacting dark sector scenario
has been investigated with the latest observational data
in a recent paper [14], where DM and DE are allowed
to interact via a free coupling parameter (more details
are given in the next section). In the present study,
we shall consider this cosmological scenario of coupling
in the dark sector along with massive neutrinos as the
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physics of neutrinos has important implications on the
formation of the large scale structure, big bang nucle-
osynthesis, cosmic microwave background (CMB), and
in other cosmological information sources (see [15, 16]
for review). Also, see [17] for a recent report on neu-
trinos studies. The sum of the active neutrino masses
(
∑
mν) as well as the effective number of relativistic de-
grees of freedom (Neff), are still the unknown quantities,
and these have received the attention of researchers in dif-
ferent cosmological contexts lately. For instance, within
the framework of ΛCDM model, Planck collaboration [1]
has measured
∑
mν < 0.49 eV (from Planck TT, TE,
EE + lowP) and Neff = 3.04±0.33 at 2σ confidence level
(CL). Constraints on neutrino masses are also investi-
gated from baryonic acoustic oscillations (BAO) [18], and
the spatial distribution of DM haloes and galaxies [19].
Evidence for massive neutrinos is found via CMB and
lensing measurements in [20]. Forecasting of the mea-
surements of neutrino masses with future cosmological
data is addressed in [21]. Massive neutrinos have also
been studied in f(R) gravity [22, 23], holographic DE
[24], parametric dynamical DE [25] and scalar field DE
[26–28] models.
Given the motivation and the recent indication in fa-
vor of an interaction in the dark sector, the main target
of this paper is to explore the interacting dark sector sce-
nario, investigated recently in [14], with massive neutri-
nos (including the possibility of a sterile neutrino) and its
possible degeneracy with the coupling parameter by us-
ing the latest observational data. Massive neutrinos may
generate significant effects on some cosmological param-
eters. It would be useful to explore new perspectives in
the direction of a possible interaction in the dark sector.
The paper is organized as follows. In the next section,
we briefly review the coupled DM and DE scenario in
the presence of the massive neutrinos. In section III, we
present the data sets used and the statistical results. We
summarize findings of the study in the final section.
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2II. INTERACTION IN THE DARK SECTOR
WITH MASSIVE NEUTRINOS
We consider a spatially-flat Friedmann-Robertson-
Walker (FRW) Universe, and assume that DM and DE
are not conserved separately. The energy conservation
law for the interacting DM-DE components reads as
∇µTµνdm = −∇µTµνde .
It leads to
ρ˙dm + 3
a˙
a
ρdm = −ρ˙de − 3 a˙
a
(ρde + pde) = Q, (1)
where Q is the interaction function between DM and
DE, being that for Q > 0, the energy flow takes place
from DE to DM, and for Q < 0, the energy flows from
DM to DE.
The Friedmann equation can be written as
3H2 = 8piG (ργ + ρν + ρb + ρdm + ρde) , (2)
where H = a˙/a is the Hubble parameter with an over
dot denoting derivative with respect to the cosmic time.
Further ργ , ρν , ρb, ρdm, and ρde stand for the energy
densities of photons, neutrinos, baryons, cold DM and
DE, respectively. As usual, a subindex zero attached
to any quantity shall mean that it is evaluated at the
present time.
Let us consider that the DM particles can undergo dilu-
tion throughout the cosmic history with a small deviation
from the standard evolution characterized by a constant
δ as follows
ρdm = ρdm,0 a
−3+δ, (3)
and consider that the DE is described by an equation of
state parameter w = −pde/ρde = const., being w > −1
featuring a quintessence field, and w < −1 a phantom
field. From the eq. (1) and (3) we find
ρde = ρde,0 a
−3(1+w) +
δ ρdm,0
3|w| − δ
[
a−3+δ − a−3(1+w)
]
.
(4)
The parameter δ is the coupling constant that char-
acterizes the interaction between DM and DE via the
interaction term Q = δHρdm, which can be obtained by
using (3) into (1). Obviously, δ = 0 implies the absence of
interaction while δ < 0 corresponds to the energy trans-
fer from DM to DE. Hence, the parameter δ quantifies
the deviation from the non-interacting case.
The above scenario was originally introduced in [11].
Later, it was generalized and analyzed with observational
data in [12–14]. It has been argued in [29] that simple
interaction between DM and DE with constant w can
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FIG. 1: The figure shows the theoretical predictions for angu-
lar power spectrum of the CMB temperature anisotropy for
some specific values of the dark sector coupling parameter
δ, where the other parameters are fixed to their mean values
given in table I.
generate instability in the dark sector perturbations at
early times when the coupling function is proportional
to DM energy density: the curvature perturbation blows
up on super Hubble scales. However, the perturbations
could be stable if the coupling is proportional to the en-
ergy density of DE [30]. Within the synchronous gauge
(used in this work), it is possible to calculate the effects
on CMB at all angular scales for δ  1. For instance, see
Figure 1, where the case δ . 10−2 is observed with only
small deviation in comparison to the non-coupled case,
i.e., δ = 0). That is a good approximation, since we ex-
pect the interaction between the dark components to be
weak, as confirmed in some other investigations [9, 31–
33]. At the level of perturbations, there are the difficul-
ties in properly defining the dark sector interaction from
a phenomenological perspective as demonstrated in [34].
Let us now review how coupling in the dark sector af-
fects the linear perturbation evolution. The most general
scalar mode perturbation is defined by the following met-
ric [35, 36]
ds2 = −(1 + 2φ)2dt2 + 2a∂iBdtdx+
a2[(1− 2ψ)δij + 2∂i∂jE]dxidxj . (5)
Here, we follow [37, 38], where a synchronous gauge has
been adopted, i.e., φ = B = 0, ψ = η, and k2E = −h/2−
3η. The energy and momentum conservation equations
for each fluid component in synchronous gauge are given
by
δ˙i + 3H(δρi + δpi)− 3(ρi + pi)ψ˙ +
(ρi + pi)
k2
a2
(θi + σ) = δQi +Qi (6)
and
3θ˙i(ρi + pi)− 3c2sH(ρi + pi)θi + (ρi + pi)φ+
+δpi +
2
3
k2
a2
Πi = fi +Qiθi − (1 + c2s)Qiθi, (7)
where in the above equantions, the quantities σ, Π, δρ,
δp, θ, c2s, are the shear, total anisotropic stress, density
perturbation, pressure pertubation, velocity pertuba-
tion, and the adiabatic sound speed, respectively. The
functions δQi and fi refer to the energy transfer and
momentum transfer, respectively.
We assume that the DE perturbation in the DM co-
moving frame is identically zero, i.e., δde = 0. Hence, in
an interacting DE-DM scenario, from eqs. (6) and (7),
the perturbed parts of the energy and momentum for the
DM evolution respectively read as [37, 38]:
δ˙dm − Q
ρm
δdm − k
2
a2
θdm +
h˙
2
= 0, (8)
θ˙dm =
Q
ρdm
θdm. (9)
In the above equations, we have neglected the shear
stress and the adiabatic sound speed of the DM,
which is always negligible because of its non-relativistic
character. In synchronous gauge the DM velocity
is zero. The baryons, photons and massive neutri-
nos are conserved independently, and the perturbation
equations follow the standard evolution described in [39].
In the next section, we discuss the observational
constraints on the free parameters of the model under
consideration in the presence of massive neutrinos. On
the basis of neutrino masses, we consider the following
models.
Model I. We consider a model with three active neutri-
nos 1 subject to the condition that Neff = 3.046 [1]. It is
the case, normally considered in the literature to inves-
tigate the effects of
∑
mν on a particular cosmological
scenario. The base parameters set for the Model I is
P = {100ωb, ωdm, 100θs, ln 1010As,
ns, τreio,
∑
mν , δ, w}
Model II. We take the Model I with the effective number
of relativistic species as a free parameter, i.e, Model I +
Neff . The base parameters set for the Model II is
1 Three active neutrinos represent a base model in the literature
that features two massless and one massive neutrino.
P = {100ωb, ωdm, 100θs, ln 1010As,
ns, τreio, Neff ,
∑
mν , δ, w}
Model III. The Planck collaboration fixes the mass or-
dering of the active neutrinos to the normal hierarchy
with the minimum masses allowed by oscillation experi-
ments, m1 = m2 = 0 eV and m3 = 0.06 eV. Any excess
mass is considered to be from a single additional mass
state m4, which can be related to the sterile neutrino
mass, mνs . Taking this into account, the mass split-
ting with relation to the sterile neutrino can be written
as ∆m41 = m4. In order to constrain the sterile neu-
trino mass, the effective number of neutrino species is
Neff = 4.046, where we have a contribution of 3.046 via
standard model prediction and plus 1 from the degree
of freedom associated with the sterile neutrino. These
considerations are used in our analysis, i.e., we include
in the base model, two massless neutrinos, one massive
neutrino with minimum mass (0.06 eV) and one sterile
neutrino with full thermalisation and mass mνs . The
base parameters set for the Model III is
P = {100ωb, ωdm, 100θs, ln 1010As, ns,
τreio, mνs , δ, w}.
One may notice that the above three models carry free
parameters in addition to the six parameters 100ωb, ωdm,
100θs, ln 10
10As, ns and τreio of the ΛCDM cosmology.
Therefore, these models are simple extensions of the stan-
dard ΛCDM model.
III. DATA SETS AND RESULTS
In what follows, first we briefly describe the observa-
tional data sets used to constrain the parameters of the
models under consideration.
Planck CMB: We use the full Planck 2015 data [1]
comprised of temperature (TT), polarization (EE) and
the cross correlation of temperature and polarization
(TE) together with the CMB lensing power spectrum.
JLA: We use the latest “joint light curves” (JLA)
sample [40], comprised of 740 type Ia supernovae in the
redshift range z ∈ [0.01, 1.30].
BAO: We use the BAO measurements from the Six
Degree Field Galaxy Survey (6dF) [41], the Main
Galaxy Sample of Data Release 7 of Sloan Digital Sky
Survey (SDSS-MGS) [42], the LOWZ and CMASS
galaxy samples of the Baryon Oscillation Spectroscopic
Survey (BOSS-LOWZ and BOSS-CMASS, respectively)
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FIG. 2: One-dimensional marginalized distribution, and 1σ
and 2σ two-dimensional confidence contours for some selected
parameters of the Model I.
[43], and the distribution of the LymanForest in BOSS
(BOSS-Ly) [44].
CC+H0: We use the cosmic chronometers (CC) data
set comprising of 30 measurements spanning the redshift
range 0 < z < 2, recently compiled in [25] . Furthermore,
we also include the recently measured new local value
of Hubble constant given by H0 = 73.24 ± 1.74 km s−1
Mpc−1 as reported in [45].
We modified the publicly available CLASS [46] and
Monte Python [47] codes for the models under con-
sideration, and constrained the free parameters of the
models by utilizing two different combinations of data
sets: Planck CMB + JLA + BAO and Planck CMB
+ JLA + BAO + CC + H0. We used Metropolis
Hastings algorithm with uniform priors on the model
parameters to obtain correlated Markov Chain Monte
Carlo (MCMC) samples from CLASS/Monte Python
code, and analyzed these samples by using the GetDist
Python package [48].
Table I summarizes the main results of the statistical
analysis carried out using two different combinations
of data sets: Planck CMB + JLA + BAO and Planck
CMB + JLA + BAO + CC + H0.
First, we discuss the results for the Model I. Figure 2
shows the contour plots for some selected parameters of
the Model I considering two combined data sets: Planck
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5TABLE I: Constraints on the free parameters and some derived parameters H0, σ8 (RMS matter fluctuations today in
linear theory) and Ωm (Matter density including massive neutrinos today divided by the critical density) of the three models
considered in the present study. Mean values of the parameters are displayed with 1σ and 2σ errors. First row entries against
each parameter show the constraints from Planck CMB + JLA + BAO data, and the second row entries for each parameter
display the constraints from Planck CMB + JLA + BAO + CC + H0 data. The parameter H0 is in the units of km s
−1
Mpc−1, while
∑
mν and mνs are in the units of eV.
Parameter Model I Model II Model III
100ωb 2.223
+0.017+0.033
−0.017−0.033 2.220
+0.025+0.059
−0.032−0.056 2.329
+0.019+0.041
−0.019−0.037
2.220+0.015−0.032−0.015−0.029 2.235
+0.023+0.052
−0.028−0.048 2.327
+0.017+0.033
−0.017−0.032
ωdm 0.1178
+0.0017+0.0033
−0.0017−0.0034 0.1172
+0.0030+0.0075
−0.0039−0.0072 0.1353
+0.0021+0.0040
−0.0021−0.0039
0.1184+0.0018+0.0038−0.0020−0.0036 0.1204
+0.0032+0.0064
−0.0032−0.0060 0.1356
+0.0020+0.0039
−0.0020−0.0038
100θs 1.04195
+0.00030+0.00060
−0.00030−0.00059 1.0421
+0.0006+0.0011
−0.0005−0.0011 1.0399
+0.0003+0.0006
−0.0003−0.0006
1.04196+0.00031+0.00069−0.00039−0.00063 1.0417
+0.0004+0.0010
−0.0005−0.0009 1.0399
+0.0002+0.0006
−0.0003−0.0005
ln 1010As 3.082
+0.028+0.055
−0.028−0.051 3.078
+0.029+0.058
−0.033−0.056 3.142
+0.030+0.060
−0.030−0.056
3.077+0.028+0.056−0.028−0.054 3.080
+0.028+0.061
−0.033−0.058 3.142
+0.030+0.060
−0.030−0.056
ns 0.9680
+0.0047+0.0091
−0.0047−0.0092 0.9663
+0.0073+0.0180
−0.0096−0.0160 1.0003
+0.0053+0.0110
−0.0053−0.0100
0.9662+0.0047+0.0084−0.0040−0.0093 0.9706
+0.0076+0.0150
−0.0076−0.0150 0.9994
+0.0046+0.0094
−0.0046−0.0090
τreio 0.075
+0.015+0.029
−0.015−0.029 0.075
+0.015+0.028
−0.015−0.028 0.090
+0.015+0.039
−0.020−0.032
0.073+0.015+0.030−0.015−0.028 0.072
+0.014+0.031
−0.017−0.028 0.089
+0.016+0.031
−0.016−0.030
Neff 3.046 1.99
+0.16+0.41
−0.22−0.38 4.046
3.046 2.15+0.17+0.35−0.17−0.35 4.046∑
mν < 0.15 (< 0.28) < 0.10 (< 0.24) 0.06
< 0.18 (< 0.32) < 0.17 (< 0.28) 0.06
mνs −− −− < 0.19 (< 0.40)
−− −− < 0.25(< 0.48)
δ −0.0008+0.0011+0.0021−0.0011−0.0020 −0.0008+0.0012+0.0025−0.0013−0.0025 0.0022+0.0011+0.0021−0.0011−0.0021
−0.0006+0.0011+0.0023−0.0012−0.0023 −0.0002+0.0012+0.0023−0.0012−0.0024 0.0023+0.0011+0.0022−0.0011−0.0021
w −0.973+0.039+0.073−0.039−0.079 −0.972+0.038+0.076−0.038−0.073 −0.956+0.040+0.078−0.040−0.072
−0.932+0.035+0.072−0.035−0.067 −0.938+0.036+0.074−0.036−0.069 −0.950+0.036+0.073−0.036−0.071
H0 68.4
+1.2+2.3
−1.2−2.2 68.4
+1.5+3.0
−1.5−3.0 73.4
+1.2+2.3
−1.2−2.3
69.9+0.9+1.9−1.1−1.8 70.3
+1.1+2.0
−1.1−2.0 73.2
+1.0+1.9
−1.0−1.8
σ8 0.816
+0.016+0.026
−0.013−0.029 0.818
+0.016+0.028
−0.013−0.029 0.835
+0.016+0.031
−0.014−0.031
0.822+0.014+0.023−0.011−0.026 0.825
+0.014+0.027
−0.014−0.028 0.829
+0.022+0.034
−0.015−0.039
Ωm 0.302
+0.010+0.020
−0.010−0.019 0.300
+0.009+0.020
−0.009−0.018 0.299
−0.010+0.017
−0.010−0.018
0.291+0.008+0.015−0.008−0.016 0.292
+0.008+0.018
−0.009−0.016 0.302
+0.008+0.015
−0.008−0.015
χ2min/2 6820.38 6820.83 6832.08
6832.16 6830.49 6842.10
CMB + JLA + BAO and Planck CMB + JLA + BAO
+ CC + H0, showing the change in constraints, if any,
on the model parameters in the absence or presence of
the data set CC + H0. We note that
∑
mν < 0.28 (32)
eV at 2σ confidence level (CL) in the presence of the
interaction in the dark sector characterized by a coupling
constant δ ' 0 in both cases. On the other hand, the
equation of state of the DE is w > −1 at ∼ 1.8σ CL in
the joint analysis, indicating a quintessence character of
the DE field. Recently similar results for δ have been
reported in [14], but with DE favored by a phantom
field. Here it deserves to mention that the presence
of massive neutrinos was not considered in [14], and
the full Planck data set as well. Therefore, the present
investigation makes the present status of the model more
accurate and realistic with the current cosmological data.
Figure 3 shows the contour plots for some selected
parameters of the Model II. We do not find evidence of in-
teraction between DM and DE in this model as well since
the coupling parameter δ ' 0 at 1σ CL. We note that∑
mν < 0.24 (0.28) eV and Neff = 1.99
+0.41
−0.38 (2.15
+0.35
−0.35)
for Planck CMB + JLA + BAO (Planck CMB + JLA
+ BAO + CC + H0) data, respectively. Our results
on Neff characterize the contribution only of relativistic
relics since we have considered one free massive neutrino
6in our analysis, which is standard in the literature.
Thus, the total contribution of the species is the best fit
for Neff plus 1, which, as expected, is around 3 (3.15)
for Planck CMB + JLA + BAO (Planck CMB + JLA +
BAO + CC + H0) data. Taking into account the joint
analysis result and the active massless neutrinos, we note
∆Neff = N
best fit
eff − 2 ∼ 0.15. We note that in the joint
analysis, we have w > −1 at ∼ 1.8σ CL. We observe
positive correlation between H0 and Neff in Figure 3,
and consequently it is easy to see that H0 > 70.0 km for
∆Neff > 0.15. s
−1 Mpc−1. Thus, it seems to reconcile
the tension between the local and global measurements
of the Hubble constant2.
In Model III, the inclusion of one sterile neutrino
leads to Neff = 4.046, i.e., a variation of ∆Neff = 1
in the standard model prediction. Figure 4 shows the
contour plots for some selected parameters of the Model
III. We note that mνs < 0.40 (< 0.48) at 2σ CL for
Planck CMB + JLA + BAO (Planck CMB + JLA +
BAO + CC + H0) data. On the other hand, contrary
to what we observed in the analysis of the Models I and
II, here in the joint analysis we note that the coupling
parameter δ appears with a significant positive value.
More specifically, we have 0.0002 ≤ δ ≤ 0.0045 at 2σ
CL, evidencing a possible interaction in the dark sector
within of the framework of Model III. Also, we note that
equation of state parameter w of the DE is greater than
−1 at a CL little more than 1σ. Another important
point to be noted here is that the inclusion of one
sterile neutrino besides the standard model prediction
of neutrinos, yields H0 = 73.2 km s
−1 Mpc−1 (the
result from the joint analysis), thus leading to reconcile
the current tension on H0. Therefore, in addition to
providing an evidence for the interaction between DM
and DE at 2σ CL, the Model III can also be useful to
alleviate the H0 tension.
It has recently been shown that an interaction in the
dark sector can reconcile the σ8 tension between CMB
and structure formation measurements [49]. Therefore,
it is expected that interaction in the dark sector in the
presence of massive neutrinos can reconcile both the ten-
sions (H0 and σ8) using more sophisticated phenomeno-
logical models (including another interaction term Q as
well as non-cold dark matter relics) in combination with
CMB and structure formation data, besides the standard
cosmological tests. A comprehensive analysis including
these considerations shall be presented in a forthcoming
paper [52].
2 Assuming standard ΛCDM the Planck data gives H0 = 67.27±
0.66 km s−1 Mpc−1 that is about two standard deviations away
from the value H0 = 73.24± 1.74 km s−1 Mpc−1 as reported in
[45]. See [50, 51] for some recent studies in this regard.
IV. FINAL REMARKS
In this work, we have investigated a cosmological sce-
nario where DM and DE are allowed to have mutual in-
teraction via the free coupling parameter δ while assum-
ing constant equation of state parameter w for the DE.
We have constrained this interaction in the dark sector
in the presence of massive neutrinos using the latest ob-
servational data from Planck CMB, JLA, BAO, CC, and
H0 by considering three models. In first model (Model I),
three active neutrinos are considered with Neff = 3.046
while the second model (Model II) is being the Model I
+ Neff . The third model (Model III) includes the pres-
ence of one sterile neutrino. The results of the statistical
analysis are displayed in Table I for the three models.
The main findings of the study are summarized in the
following.
• In Models I and II, we observe that the mean value
of the coupling parameter is very close to 0, i.e.,
δ ' 0. This shows that interaction in the dark
sector is not favored by the present observational
data within the framework of these two models. In
Model I, we obtain
∑
mν < 0.32 eV, while the
masses of the active neutrinos in Model II are con-
strained to
∑
mν < 0.28 eV with ∆Neff ∼ 0.15 at
2σ CL.
• The equation of state parameter of the DE in all
the three models is observed to have values greater
than −1 at around 1.8σ CL in the joint analysis,
indicating the quintessence character of DE field in
the models under consideration.
• In Model III, we have found that the coupling pa-
rameter is constrained as 0.0002 ≤ δ ≤ 0.0045 at
2σ CL from the joint analysis, featuring a favor of
the considered data for an interaction in the dark
sector. The sterile neutrino is observed to have
mνs < 0.48 eV via Planck CMB + JLA + BAO +
CC + H0. We note that H0 = 73.4 km s
−1 Mpc−1
(73.2 km s−1 Mpc−1) from Planck CMB + JLA +
BAO (Planck CMB + JLA + BAO + CC + H0)
data. Therefore, the Model III is a promising model
to alleviate the current tension between local and
global determinations of the Hubble constant.
A mutual interaction between DM and DE has been in-
vestigated in different contexts, and it has recently been
shown to have a strong potential to be an extension of the
standard ΛCDM cosmology [6–10]. Here we have shown
how the inclusion of massive neutrinos can constrain a
cosmological scenario of coupled dark sector represented
by the interaction function Q = δHρdm with DE de-
scribed by w = const., using the full CMB anisotropy
data, type Ia supernovae, BAO and Hubble parameter
measurements. We have shown that the presence of ster-
ile neutrino can provide new perspectives in this con-
text such as a possible indication of interaction in the
7dark sector. Obviously, other phenomenological models
of coupled DE are also worth exploring with massive neu-
trinos.
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